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I. INTRODUCTION

In previous studies, Dartt, et al. (1974), Dartt (1975, 1976), computer

programs have been developed to monitor the position, intensity, and rota-

tion of cyclones from digital satellite cloud patterns. The current effort

provides a test of these algorithms from a large sample of tropical and extra-

tropical storms. The technique is based ca fix ding the distribution of

centers of curvature from ele.ents of conccntric cloud bands surrounding the

storm. The location of the maximum of this distribution is the focal point

of the cloud bands and is defined as the storm center. Other parameters

computed from this distribution yield objective measures of storm concen-

tricity and rotation.

A primary use of the algorithms is to monitor cyclonic vortices from the

high volume of image data available from geosynchronous and orbiting

satellites. The programs can be used to follow the process of storm develop-

ment over the oceans where few conventional neteorological observations are

available. In particular, any site which has the capability to receive

satellite data and has computer resources can monitor characteri.stic features

of storms in its vicinity.

Most emphasis in this investigation has been placed on the analysis of

tropical storms. Current operational techniques of monitoring tropical storms

include aircraft reconnaissance and satellite photo interpretation by

experienced analysts. The technique of Dvorak (1975) of interpreting the

minimum surface pressure of the storm and the maximum wind from the concen-

tric cloud patterns is particularly useful for estimating extreme weather

variations. Also, Fett and Brand (1975) have analyzed the rotation of

storms with respect to changes in the storm's trajectory.. The investigation

conducted here is to provide tools for the support of these efforts. For

example, in this report a method is describcd for obtaining objective Dvorak

T-numbers from visual and infrared (IR) satellite images in order to monitor

the storm continuously over a 24-hour period. Also, a reference axis is

defined from which to measure storm rotation with time.

For extra-tropical storms, the relationships of cloud parameters are

analyzed with respect to position and movement of tho storm as seen from a

satellite. An attcm)t is madL La rc'late til,, :onc% Lricity of the storm to

. . . . . .



the amplitude of the respective shortwave trough at 500 mb. Nagle and Hayden

(1971) have found good relationships between cloud parameters and shortwave

troughs at this altitude. Similarly, Trotip anid Streton (1972) have classi-

fied cloud patterns of extra-tropical storms in order to initialize upper-

air height fields in data sparse regions of the southern hemisphere.
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I. CALCULATION OF THE CENTER OF CURVATURE DTSTRIBUTION

A. TECHNIQUE

The procedure for computing the center of curvature distribution of

spiral cloud bands has been described in detail in previous reports (Dartt

et al., 1.974, and Dartt, 1975). It is repeated here with emphasis on user

application to both tropical and extra-tropical storms. .-

The first requirei ent is to have an image of a cyclonic cloud pattern

in digital form. Visual or IR images can be analyzed using picture elements

of 6-bit precision (0-63) in gray scale. The image should be scaled so that

the cloud bands have larger values than the underlying sea surface.

IR images do not need to be converted to temperature before computer analysis.

The basic image array consists of 128x128=16384 (40000 octal) elements.

This is as large an array as is practical to analyze on a general purpose

computer in batch processing mode. (For a 128x128 array, the program

storage is approximately 140000 octal locations.) It is important to retain

as much image resolution as possible but still contain the entire storm in

the 128x128 array. For tropical storms, an image resolution of 11 an was

used in this study. For extra-tropical storms, an image resolution of 22 km

was used so that the primary cloud vortex along with the frontal cloud band

could be contained in the image array. Note: Changing the image resolution

results in non-linear changes in parameters derived from the center of

curvature distribution, and thus parameters derived 2rom different resolution

data cannot be compared.

For tropical storms, the tentative storm center of the image should be

located near the center of the 128x128 array, Figure 1, so that concentric

bands near the perimeter of the storm can contribute to the center of

curvature distribution. For extra-tropical storms in the northern hemisphere,

the cloud vortex should be displaced to the left and upwards from the center

of the image array so that the leading edge of the frontal cloud band occurs

within the image array (see Figure 17).

SStep 1. In the first computation step, a digital filter is used to enhance

*the banded concentric cloud structure of the storm. The wave number

r~ ~'on:1,i Ictoon, S(k ,ky), of the filter is Gaussian in form and radially
xy

3
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symmetrical about k - k a 0.

S(kx ky) = exp (-(k-F)
2 2

kr =[k x2 + ky2 (1)

Here k and k are wave ntunbers in the x and y direction, k is a comparab1
X y r

radial wave number, F. is the radial wave number of maximui response, and a

is a parameter controlling the width of the response function. FM and U are

chosen by the analyst to enhance the banded structure of any desired scale.

After considerable experimentation with both tropical (40 images) and extra-

tropical (11 images) storms, the filter parameters Fm=2 2 and a=8 were chosen

to be optimum for producing distinctive center of curvature distributions. .

The peak filter response, Fm, for 11 km resolution tropical images is at a

wavelength of 64 km. For 22 km resolution extra-tropical images, the peak

* filter response occurs at a wavelength of 128 km. The IR cloud pattern and

filter pattern for the western Pacific Tropical Storm Gilda, July 04, 1974,

1226Z, are shown in Figures I and 2, respectively.

Step 2. In the second computation step, a skeleton of the filtered bands is

compuited to compress the filter pattern to a new standard line segment form.

The orientation of the original banded structure is preserved as seen in -

Figure 3. The edges and corners of the filter pattern are discarded because

of an undesirable halo sometimes produced at the image boundary.

Step 3. The angular orientation of short line segments of the skeleton cloud

band pattern is now computed. This is done by correlating a rectangular mask

of specific orientation with the skeleton pattern. The mask is designed to

select narrow line segments of fixed angular direction and inhibit line

segments oriented in other directions. Repeated applications of this mask

for variotij nnlL.- co-!priring a 3600 cir.'l: g.-:I-crafe-' a co:pltte a1!gt1lna-"r

aLoalysis of t 1h. scgam.ted cloud bvnd pattern.

Step 4. Rays are constructed which are orthogonal to the directions of the r
skeleton segments from the angular analysis above. The length of the rays is

41 grid elements on either side of the midpoint of the skeleton segment.

For concentric cloud bands, the rays converge towards the center of curvature

4'°
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and diverge on the opposite (convex) side of the bands. The resulting

pattern of converging rays from all concentric cloud band segments produces

a composite center of curvature distribution for the entire storm system.

This distribution is defined as the number of rays per cell within the super- .-

imposed 128x128 cellular grid. At this stage, the computer has analyzed the

pattern in rmuch thii sn ic!. w!.-y as a humxt an'tlyst, i.e., concentric cloud bands

have been selected, and the center of curvature distribution for segments of

these bands has been described.

Step 5. A normalization of the center of curvature distribution is now

performed so that the final pattern primarily indicates concentricity and is

not a function of the number of cloud band segments. If Steps 2, 3, and 4

are applied to a pattern of cloud bands with random orientation, the computed

center of curvature will correspond to the center of gravity of the pattern.

To estimate the random pattern, a separate center of curvature distribution

is computed based on the some distribution of skeleton segments as before.
However, a random orientation of each segment is assumed rather than the

specific orientation found earlier. The resulting pattern based on the sum of

the random components associated with all skeleton segments is then subtrac-

ted from the original center of curvature pattern to produce the "normalized"

pattern. The normalization produces a positive pattern on the concave side

of a cloud band and negative paLtern on the convex side of this band. Only

the positive portion of the normalized center of curvature pattern is saved

for the remainder of the analysis. An example of the normalized center of

curvature distribution for the IR cloud pattern of Gilda on July 04, 1974,

is shown in Figure 4.

Characteristically, the normalization may produce some noisy patterns

in the corners of the !28x128 grid. Any cloud bands which are concave with

re;pect to the gri d Coai-S'J U€1 produce a recidual c,'nter oE cuL-vature

pattern tif.re,. .1 StCp ?, th.e Jloud b.nlf in Li-, ;,?rner. are re.to%,,ed f rm

analysis, and the randoma pattern in the corners is therefore always small. r
Thus, the normalized distribution of centers of curvature in the grid corners

- is larger than would have occurred had the corner grid points been retained. %

"-... . . . . . .



B. OBJECTIVE PARAMETERS

Various objective parameters of the normalized center of curvature

distribution are useful for analysis of storm characteristics.

1. Locating the center of the storm. The grid cell with the

maximumi number of intersecting rays is the focal point of the concentric

cloud bands nd is cifiled as the sLorm cctter.

2. teasure of stol conccntricity reaateu to storm intesity. boe

The magaitude of the center of curvature distribution is found by integrating
the distribution in a circular region about the storm focal point given above. :;

This magnitude is the average density of rays throughout the circular area

and is called the d (density)-number. The d-number is an objective measure

of concentricity of the storm as indicated by curvature in the cloud bands.

3. Reference axis for measuring storm rotation. The major axis

of the ellipse used to characterize the two dimensional center of curvature

distribution is a parameter indicating an axis of curvature for the cloud

bands which can be monitored with time from successive images. The angle of

the major axis (y) with respect to the coordinate axes is defined by:

-2r s x
2y tan xy x y

2 2
S -s
x y (2)

where s and s are the respective standard deviations of the center of
x  n y

curvature distribution in the east-west and north-south directions, and r
xy

is the correlation of this distribution betwecn the x and y directions.

The major axis is defined from the same area of the center of curvature

distribution surrounding the s-orm focal point used to compute the d-number.

The major axis is indicated by a straight line in the accompanying center of -

curvature distribution (Figure 4).

4. Stom'c elt:iy. To re.eisire the- storm's elliptical charac-

teristic, the ratio of standard deviations along the major (a ) and minor

(ob) axes of tho ellipse characterizine the center of curvature distribution r
is calculated. This parameter is useful for estimating the error of position

of extra-tropical storms as given in IV-C-3.

76 V.~~i
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111. TROPICAL STORM ANALYSIS

A. OBJECTIVE

ParaimeCers of the center of curvaturce diStribution of cloud bands for
tropical stonas in the western Pacific are evaluated for analyzing the

storm's intensity (d-ntunbCr), rotation (major axis), andpsto(lcin

of ga;iwn.~

D. DATA

Filvm imuages of tropical storms were obtained from the DMSP satellite

f filra library at the Uonivcrsity of Wisconsin, Madison. Samples of IR and

visual images of selected typhoons were chosen that characterized the growth

* cycle of tropical storms. All storms selected had histories of intensity

* and position in the Annual Typhoon Reports published by the Joint Typhoon

Warning Center in Guam. The films were digitized with an Cptronics P-1000

Photoscanncr. which produced a basic 500x500 image array of 3 Ion resolution.

(The calibration of the Photoscanner was not changed during the scanning of

* all storm images.) The final 128:t128 image array of 11 km resolution used

* for comiputation. was derived from this higher resolution array. Table 1

shows the storm images chosen for analysis.

TABLE 1. Trropical storm images used for concentricity analysis

Number of Images

Tro2L.cal Storm Vi sual IR Normal IR Inverse *.

Nora, Oct 3-10, 1973 6 -6

Patsy, Oct 7-11, 1.973 4 - 7

Gilda, Jun 26-Jul 7, 1974 8 6

Mary, Aug 11-24, 1974 8 4 1

Polly, Aug 23-31, 1974 6 10

Rc;,Aug 27-31, 1974 4 4 -

Shirley, Sep 4-8, 1974 3 4 *2

The DXSP typhoon images originally came from various tactical sites in

*the vesenPaci f ic (C'imn, Fuchu, Kadcna, and N Iakhonl Phanom). Each sit-z has

its chiaraCtur-I:tic r~thod of displaying IR data. In the normal itiode, clouds ~

4 7



appear dark against a lighter background sea surface. In the inverse mode,

clouds appear white against a darker sea surface. All IR inverse mode images y

except one came from Fuchu. For an unknown reason, the Fuchu IR images all

have a narrower range of IR brightness variability than the IR images from

other sites. Figure 5 shows two IR images of Typhoon Shirley recorded within

a few seconds of one anotther by the same sensor (2.4 nautical mile [n.vii.]

resolutioL I ). The iLage from Guam is 6-bij. IR data in the normal mode but

has been inverted (brightness elements have been subtracted from 63) so the

clouds appear white in the usual metcorologicai scase. The second image is

6-bit image data from Fuchu, IR inverse mode. The graph below the images

indicates the brightness distribution of the two images. lere, the bright-

ness is also expressed as temperature using the linear conversion described

in the DMSP User Guide (1974). For September, the sea surface temperature

in this region is approximately 301 K. According to the DNMSP User Guide,

the 2.4 n.mi. resolution IR sensor typically underestimates the sea surface

temperature by 5-100 K in the tropics, depending on viewing angle. Thus, the

image temperature distribution from Guam appears physically more reasonable

than that for Fuchu.

.The concentricity analysis based on filtered cloud patterns is largely

a function of spatial variations in the brightness field so differences in

calibration of the two images do not significantly effect the d-number.

However, in the storm intensity classification described below, it is

necessary to define a measure of area cloudiness that is dependent on an IR

brightness (temperature) threshold. Each type of imr:,.ge hrs a difierent

temperature range for its gray scales, and different gray scale resolution,

but it should be possible to compare absolute cloud temperatures. However,

in practice, this is not the case as explained later.

The IR image sample in Table 1 contains a few images b-ised oni the MSP

.33 n.rmi. resolution sensor in addition to the im:nes based on the 2.4 n.,.i.

resolution sensor. The DMSP User Guide indicates that the high resolution

sensor underestimates temperatures by 20°K compared to the low resolution r
sensor. Thus, when the .33 n.wi. data are used to leternlne area cloudiness,

the 20°K correction is applied.

8
. . .. . ]
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All of the above problems in image and sensor calibration could be
', avoided if a set of precalibrated digital data were available. Because of e

the high volume of DSP data, a general archive of all digital data is not

feasible. However, for such phenomena es tropical storms, such an archive

may be practical.

C. iE.SULTS

1. Typo.n intensitv clns.:ifieatiou. The Dvorak technique of

* classifying tropical stori,!s fro-a satUllite cloud patterns is based on an

"" analyst's interpretation of storm concentricity and the area of central

* dense overcast cloudiness. The d-number defined from the distribution of

centers of curvqture of the storm is an objective measure of concentricity.

An investigation was undertaken to see if it could be useful for objective

stoim intensity classification.

Initially, d-numbers were cemputed from images of three storms (Nora,

Gilda, and Mary) and compared to Dvorak T-numbers available in the Annual

Typhoon Repurts. These storms were quite different in their cloud

and intensity characteristics. Nora was a super-storm with winds greater

than 135 knots and a massive central cloud mass which had few concentric

-' bands other than a well defined eye, Figure 6a. Gilda was a tropical storm

of moderate intensity and well defined concentricity, Figure 1. Mary was a
p'.

- weaker storm with moderate concentricity, Figure 6b. Preliminary analysis

of these storms indicated that large amounts of high level clouds often

obscurred the conc:entric banding .)f low "r level clouds. Typically, in

the growth cycle of the storm, the concentricity as given by the d-number

"* might be moderate (1.0-2.0) in the early stages of storm development,

followed by a decrease (0.5-1.5) as large amounts of high cloud were

generated by the storm. As the storm reached its peak intensity and began

to dissipate, the cocentricity iicrenased again and reached its largest

value (2.0-5.0). Thus, it beca'ic apparent that an additional variable based

on image cloudiness would have to be included with the d-number to account

.i for the primary storm intensity variability. Since both the area of cloud

overcast and concentricity are proportional to storm intensity in the Dvorak

* technique, it was decided to foromflate a simple linear model of storm

intensity ;?..coCdi.*, to: -

9
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T - a. (d-nunber) + b* (percentage image covered by cold cloud) (3)

where T is the storm intensity as given by the Dvorak T-number and a and b

are regression coefficients (weights) to be found from a s.rmple of d-u.-ibcrs

and area of cloudiness calculated from satellite typhoon images in Table 1.

To determine the statistical model, the percent,-ge of the ima'ge colder

than a threshold temperature, T (where T 0 220, 230, ... , 2900 K), was)~~ 0 " "'

calculatcd for IR images frera TyploonLI Cilda and Mary. One IR image from

Typhoon Nora was also included based on data from Nakhon Phanon that did not

indicate the calibration problems of the Fuchu images. A total of 11 images

was used to define the model. Separate models were formulated for d-numbers

derived from visual and IR images, although in both models the cloudiness

*. parameter is based on the IR image. The T-numbers used for model development

*" came from the Annual Typhoon Report. For a given satellite image, different

T-numbers can occur because of the interpretation of the cloud pattern by

different analysts. The average of individual T..numbers was used for

T-number input for model development and also for later model verification.

Figure 7 indicates the residual error of both IR and visual models as

a function of the temperature threshold, T0 . At a threshold temperature of

To= 2700 (based on IR normal films), the error of both models is near minimum

with a standard deviation of appro-ximately to-thirds of a T-iumber. This

residual error is larger than the variation of T-numbers by photo-analysts as

described b) Sheets and Grieman (1975). To reduce the error further requires

additional terins in the model which are not practical to formulate at this

time because of the limited data sample. For the threshold temperature of
0

270 °
, a=.5615 and b=.0564 for IR images; while a=.4995 and b=.0639 for

visual images. (The units of a are T-number/d-number and for b the units are

T-number.)

Figture 8 iiidici t.' ; clo T--ui': h.rs of the ;od.1l for Typl..o: Cild i f -'. u-

lated with 3quation 3 and the optimized regression coefficients a and b

given above. The individual contributicns to the T-numbers by the concen-
triciLy and cloud area terms arc also indicated. The cloud area appears

more important than the concentricity, although the latter's importance

increases with storm r.:aturity. It can be se,,n that Ia3th the visual and IR

10
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d-numbers jointly produce an internally consistent set of model values whose

envelope describes the primary time variability of observed T-nunbers. In

Figure 8, the dropsonde surface pressure from air reconnaissance flights is

also indicated as a direct measure of a storm intensity. Tables showing the

Suver1e reltio.nship betWen the minimum sea level pressure and satellite

T-numbers are giver in Dvorak (1975).

To vcrity the mocl, the coefficients a and b derived from the previous-

' ly described 11 images are applied to the IR and visual images from Typhoons

Polly, Rose, and Shirley. Practically all IR images from these typhoons are

in the normal mode and, therefore, consistent with the IR images used to

" define the model.

Polly was a tropical storm of moderate intensity (maximum winds, 95 Ii
knots) and good concentricity in its mature stage, Figure 9. The model and

observed T-ntmwbers are shown in Figure 10 for this storm. The envelope of

T-numbers of the model describes the primary storm variations quite well,

' and there is internal consistency between T-numbers based on visual and IR

image data. As in the case of Gilda, Figure 8, the d-number contributes

. significantly to the T-number during the storm's mature and dissipating

.- stages. On a systematic basis, the model appears to underestimate the [

-." observed T-nwnber in the dissipating stage (after August 29) by approximately "

I to 1.5 T-nunbers.

Tropical Storr.; Rose and Shirley are distinctly weaker stoims whose

model and observed T-nmLbers are given in Figure 11. Rose, Figure 9b, and

Polly were a binary storm pair occuring in the same general region; Shirley,

Figure 5, occurred a few days later in this same area. The model T-numbers

for Tropical Storm Rose are within approximately ±. 5T-numbers of the

subjective values. These values for Shirley systemicicaIly underestimate the

observed vahes by about I T-number up to the time of maximum storm develop-

ment.

The verification statistics for Polly, Rose, and Shirley are given in 1W,

..- '" Table 2. .4-
".4.
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TABLE 2. Difference (D), modeled minus observed T-numbers

Parameter IR Ima!ges Visible Tiniges

Average D -.6 -.4

RMS D 1.0 .9

.6 .8

Nu:ber of images 17 11

The model-derived T-numbers appear too small by approximately one-half

T-numaber for both IR and visual images. Further, the RfMS difference between

modeled and observed T-numbers is about ± 1 T-number. If the negative bias

between modeled and observed values is removed, the resultant residual error,

*, Table 2-row 3, is very nearly the same as the residual error of the original -f-

model, Figure 7.

There are two sources of error in the subjective analysis of T-numbers.

One is the variation of T-numbers as a function of analyst, the other is the

error of approximating the minimum sea level pressure and maximum, wind speed

from the T-number. In this investigation, we have not been concerned with

the latter error, but rather with developing a model that synthesizes the

average T-ntunber of various analysts. Sheets and Grieman (1975) indicated

that 60 to 90 percent of T-numbers produced by analysts from DMSP images are

within ±.5 of an official "best" T-number. The range reflects various analy-

sis groups and storm severity classifications. Further, 85 to 100 percent

of T-numbers produced by analysts from this data source are within ±1 of the

official T-number, and 94 to 100 percent within +1.5 of this number. Here,

10/28 or 36 percent of the comparable differences beti:cen modeled and

averaged subjective T-numbers lie within +.5, 18/28 or 64 percent within

+.0, and 26/23 or 93 percent within +1.5. Clearly, the sta'tistical model 4"

dcs;cribed hero based on only el2ven Stzl-m i' NIf. (Ldes Rut have the ac:;Uracy

of the human analyst.

To model T-numbers from the IR inverse images for Typhoons Nora and ..

Patsy (Fuchu images), a calibration of the IR brightness difference between
images in the normal and inverse modes must be devised. This was done using

the two TR brightness distributions of the siie ima;e of Typlo! n Shirley

12
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shown in Figure 5. The threshold temperature of clouds on which the model

0
was based was 270 K for the IR normal image. Using this threshold tempera- V

ture, the percentage cloud was computed for the IR normal image front Guam.

For the IR inverse Fuchu image, a new threshold temper.ture was found which

gave the same percentage of cloud as the previous image. This tcmperature

was 2380K as indicated on the temperaturc distribution cf the IR inverse

image, Figure 5. The threshold temperature 236°K was then used with the

remaining images of Typhoons Nora and Patsy to define the percentage cloudi-

ness to be used with the previous derived regression cocfficients.

Figure 12 shows the observed and model T-numbers for these two storms.

The model underestimates the T-number at the time of the storm maximum by as

much as two T-numbers for Patsy, primarily becaure of lack of concentricity

of the cloud patterns. Patsy and Nora were superstorms whose very cold

cirrus shields were extensive and obscured the concentricity of lower levels.

The DNSP IR sensor does not respond to temperatures below 210°K, and the

entire cloud area of these storms was devoid of features in the IR images.

In these storms, distinctive diurnal variations of modeled T-numbers are

* evident as a result of diurnal variations in cloud area. The nighttime

T-numbers for Patsy (10/07/12Z, 10/08/12Z) and Nora (10/05/12Z, 10/09/12Z)

show distinctive minima compared to those computed at ridday. Diurnal

* variations also trouble the subjective interpretation of storm intensity

*i (Dvorak, 1975).

Because of the tentative nature of calibration of these IR inverse

images, these cases were not included with the previous verification. The

- average difference of modeled minus observed T-numbers is -.7 for the IR

images and -.2 for the visual images indicating a system-atic underestimate

of modeled T-number as occurred in the previous verification based on IR

normal images. Only 4/23 or 17 percent of the rmodeled-observed differences

are within +.5 T-numbers, 11/23 or 48 percent within +1.0, and 16/23 or 70

percent within +1.5. This degradation in model accuracy from the IR normal

images probably reflects the calibration problems between the two film types.

Clearly, at this stage of the development, the statistical model does

not reflect the accuracy of existing subjective techniques. Hlowever, there is

13
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significant evidence of skill as shown by the ability to describe relative

intensity changes. No doubt better results could be obtained with a pre-

calibrated set of digital data than with the digital films that were analyzed

here. Further, there is evidcnce of systenmatic departures in the model that

may be corrected with additional terms. Notable is the negative bias which

could be corrected by a constant term. Also, a tendency to underestimate

the strength of sto).ns at riaturity prohebly could be corrected by including

a second cloud variable indicititug the area of high clouds or by adding a.

higher polynomial of concentricity such as the squa,:c of tht. d-number.

2. Rotation of maior axis. The major axis of the center of

curvature distribution is a reference line that can be mcnitored for storm

rotation, and it is compared to direction changes of the storm along its _

trajectory. Figure 13 indicates the major axis of curvature of visual and

IR images superimposed on the official storm track of Typhoon Mary (Annual 4-

Typhoon Report, 1974). For this storm, the major axes derived from both

visual and IR images are nearly parallel to the storm track for the complete

trajectory of the typhoon. Figure 14 shows a similar diagram for Typhoon
Gilda. Here the major axis is not oriented parallel to the storm track.

Still, changes in the storm's trajectory are reflected by the behavior of

the major axis. For example, between July I and July 4, the axis is noted

to rotate anticyclonically corresponding to similar changes in the storm's

trajectory. The difference between the major axis of visual and IR images

as seen in Figure 14 is somewhat typical of most storms. The IR image

axis is usually not the same as the axis computed from the visual image-

however, both axes generally show similar time behavior along the storm's

trajectory. Figure 15 indicates the major axes of the IR images for Typhoon

Polly and Tropical Storm Rose. Rose initially occurred to the west of Polly

and was moving northeastward. On August 30, Rose was strongly influenced by

Polly's circulation and began to move rapidly cround the southern flank of

this ]arAger stonm. Polly may also hav. been iLueczwd by 1Ro;e2 as Polly's

trajectory indicazes considerable cyclonic curvature at this time. The majo-

axis of Polly indicates consistent anticyclonic rotation froin August 24 to

September 1. There are two large-scale anticyclonic deflections in the storm

track on August 26 and Atgust 31. (Nntc, the inset on Figtirc- 15 iidicates

14
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that the deflection on August 26 may have been cyclonic with a rotation

greiater than 360 .) Both direction changes occur when the stor.i's speed is

small (paraueter A on diagram). The anticycloric rotation of the major axis

may be a predictor of these direction changes. When the storm's speed is

larga, such as vh.-n it is being advect.2d by a predo:.Iinu.nt larg-:,cale flow .

pattern, the rotation of the major a:is uloy not be important. _-

The major axis analysis for Typhoon Shirley is not shown here but its

pattern was not unlike that for Typhoon Gilda where rotational changes in

the axis appeared to occur concurrently with directional changes in the

storm trajectory. Two storms, Nora and Patsy. had very poor center of .

curvature distributions because extensive amounts of cold clouds obscured

the concentric banding. For these storms, the major axis did not appear

related to the storm track. ;

In conclusion, the behavior of the concentricity axis of the storm

appears to reflect changes in the storm's trajectory at least for storms cf

moderate intensity. In one storm, Polly, the rotation appeared to precede

the subsequent direction changes. For the remaining storms, the rotation

changes in the storms' axis appeared to occur concurrently with similar ..

direction changes in the storm trajectory and, therefore, did not seem to

have any significant predictive value. As a result, the major axis appears

most useful for monitoring current direction changes of the storm and

perhaps ex:trapolating them into the near future. Also, the najor axis may

be useful for helping to diagnose direction changes of storms where the

steering flow is not well defined.

3. Locating the storm center. In an earlier study, Dartt, et al.

(1974), the location of the maxximum value in the distribution of cenxters of

4 urvatlirc was 0.aparcd to a.subjective interpretation of the storm ccnater

for a small numziber of tropical storm visual images. Here a similar comparison

is made for the large numnber of visual and IR images used in this study,

Table 3.

15
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TABLE 3. Cumulative distribution of the distance apart

of objective and subjective centers of tropical storms

Distance apart in II kr .rid units

Ima5 e Number 0-3 0-6 0-9 0-12 0-15 0-18 0-21 0-24 0-27 0-30 0-33 0-36

IR 45 27 44 51 62 73 80 84 84 89 93 96 100%

Visual 38 32 47 63 71 82 84 89 92 95 97 97 100%

The center can be found more accurately from the visual than the IR images.

This is because the cloud tops of many of the most intense storms are so cold

as to not exhibit any concentric bands as measured by the IR sensor on the--

,* DMSP satellite.

Sheets and Grieman (1975) discuss the analyst's error of storm position

from the "best satellite track". For DSP data, 33 percent of the cases

were within 20 n.mi. (37 kIn) of the optimum location, 76 percent were within

"* 40 n.mi. (74 kin), and 91. percent were within 60 n.mL (111 kin). Thus, from a

comparison of the values in Table 3 the subjective storm centers appear

more accurate than the objective centers found here. This presumes that the

subjective position used for comparison with the objective storm fix occurs

. along the "best satellite track". The subjective analyses are based on the _-

- very high resolution visual data (.6 kin) of the DMSP satellite, while the

* objective technique uses data of 11 km resolution. The accuracy of the

objective technique ioproves with higher resolution data. In the current

analysis, the 11 km resolution data were necessary for the storm intensity

model described earlier.

The difference between objective and subjective storm positions was

" also analyzed as a functionof the d-ntmber and storm cllipticity !T-B-4N.

For stons whose d-nV-,tber was less than 1.25, the -me,'n pO.;i tion difference

was 12 grid increments (40 cases). For d-numbers between 1.25 and 2.50,

the mean position difference was II grid increments (23 cases), and for

storms with d-numbers greater than 2.5, the position difference was only

2 grid increments (16 cases). Thus, storms with good concentricity can be

16
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* positioned very accurately. There did not seem to be any relation between

objective-subjective position difference and storm ellipticity.
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IV. EXTPRA-TROPICAL STORM ANALYSIS "-

A. OBJECTIVE

Par,.reters from the distribution of centers of curvoture of cyclonic f4*I

cloud patterns are analyzed for the purpose of calculating the position,

intensity, and movement of extra-tropical storms. The storms analyzed are

upper leue[ vortices that typically have well-defined spiral cloud paLLcras.

Such cloud vortices are well correlated with features of the 500 mb geo-

., potential height pattern (N'agle and Hayden, 1971).

B. DATA

Cloud concentricity patterns are computed from satellite IR images of

p ~NOAA-4. Data for two periods, February 27 - March 5, 1975, and March 26 -

April 5, 1976, are analyzed for both the Atlantic and Pacific oceans. The

*' procedure was to follow a given storm through its growth stages and compute

4 the rcspeitive parmmaeters of the cloud patterns. A total of 33 images for

five storms in the Pacific and 26 images for five storms in the Atlantic

were analyzed. In the Pacific, two storms occurred off the east coast of

Japan and three of the west coast of California. In the Atlantic, one storm"

was a weak subtropical vortex and the remaining storms traversed the ocean

at higher latitudes.

Figures 16 and 17 show one of the extra-tropical storms in the western

Pacific at successive 12-hour intervals. The distribution of the centers of

curvature evolve in much the same way as for a tropical storm, and for this

storm the intensity given by the d-number attains the large values that are

characteristic of the tropics. Typically the center of curvature distribu-

tion for extra-tropical storms is more elongated than circular as a result of

the comma-shaped cloud pattern associated with the frontal band.

C. RESULTS

1. Comparison of d-number and 500 mb trough manitu1 e. The

hypothesis was made that concentricity in the cloud patterns as measured

by the d-number is correlated to geostrophic vorticity (Ig) computed irom the

geopotential height field (z);

i8
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i g l 2 z ..

f = 2 sin,- (4)

where g is the gravitational constant and f is the Coriolis parameter

derived fre:a the roLaLion'rnte o, the earth (.L) ad latitude (G). Ille

Laplacian of a scalz:r field is a nmeasure of the departure of a local. value

from the surrounding regional avcrage. Thus, the geostrophic vorticity is

well correlated with the shortwave portion of the original height field.

As a result, the product of the d-ntmuhcr and sine' should be correlated wi-thithe amplitude of the shortwave trough. The ,anplitude of the shortwave trough

was computed by application of the Holl (1963) scale analysis program to

NEPRF grid data for 12-hour periods corresponding to the intervals of

satellite images. This program partitions the variability of the height

i field into long and short wave components. The spectral characteristics of

the shortwave component are controlled by a parameter o. For this study

* cr=5, and the amplitude of waves shorter than five grid lengths (one grid

length is 361 kmn) are unchanged by the analysis. However, waves larger than

24 grid lengths are completely removed, and the amplitude of waves of II grid

lengths is reduced by 50%.

As a first test, five possible cloud predictor variables were correlated

with the amplitude of the 500 rib shortwave trough. These included latitude,

{0, cloud diameter, D, cloud amplitude, A, concentricity, d.sinO , and

percentage area cloudiness, C, where C is defined as the fraction of the IR

temperature pattern colder than a given threshold TO. Nagle and Hayden

* (1971) found the first three variables to have significant correlation with

the 500 nib shortwave pattern over a much larger data smple than described

here. Tim cloud diameter, D, corresponds to an east-west dimension of the

cyclonic cloud pattern, while th.. amlitude, .',, is 1 d".iension from, the cloud

vortex south to the frontal band. Both D and A are estimated from satellite

cloud images in Environmental Satellite Imagery, using procedures described

by the authors. These variables were included as standards to which corre-

lations of other variables could be compared for this smaller data sample.

All correlations were stratifie'! by whether the cyclones occurred in the

"' ~19.',
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Atlantic or Pacific ocean. Table 4 indicates correlations for the years

1975 and 1976 separately.

TABLE 4. Correlation of cloud variables it

and the a:-i ,)itudo (Z) of th e 500 .Iub slor':: t:ruui'h

Data Z-Lat ZJ) X._A sin, ZC (To=21:O°1)

Atlantic (1975-14 images) .89 .33 .47 .63 .63

Atlantic (1976-11 images) -. 50 .50 -. 41 -. 18 .72

Pacific (1975-21 images) -.01 .08 .38 -.32 .11

Pacific (1976-12 images) .10 .22 .32 .02 -.31

The regional and yearly differences are substential. Initially, it was

intended to use relationships found from correlations in 1975 to develop a

model for specifying shortwave trough amplitude. The model would then be

verified using cloud patterns from 1976. However, the regional and yearly

differences are so marked that the formulation of a general linear model
was not possible.

Differences in correlation betwean varlables can occur because of

phase differences of these variablcs with time. Since most of our images

are time sequences characterizing the growth cycles of individual storms,

it is possible to analyze differezccs in thu pihase of the two variables.

Figure 18 is a time composite of d'siur, and C with respecL to the time of

maximum trough amplitude (tn). In the Atlantic, the concentricity as given

by the d-number is in phase with the trough minima; but in the Pacific, tile
p "-

maximumi d-ntumber occurs approximntely 24 hours prior tcN t1-e trough minimu.-'

In the Pacific, for each of the fve storpt saqn.acls ti.'d, the maximtim"-

d-number occurs prior to maximtmu ULou~h development. In the Atlantic, the

maximum concentricity occurs first only two out of five times. If concen-

tricity is a precursor of trough development iiL the Pacific, then this

variable might be useful for prognostic purposes. However, it does not

seem to be useful by itself as a single variable for classifying a storm on 1"%

a real-time basis.
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An alternative explanation of differences in the correlations may be

caused by the difference in observational coverage betwcc.n the Atlantic and

Pacific oceans. The growth cycle of Pacific storms occurs in regions of poor

data coverage and maturity occurs near land where tipper air dare are present,.

In regiong of mis!;ing data, nost tecniq ces of data intcrnola±Jen aro con-

servative when specifying the initial fields. Thus, in remote areas, the

amplitude of troug-hs is likely to be undorestimr',ted. If this is the ca-'se,

then the NEI'RF height field used here for correlation is likely to reflect

the s.m e systcimatic behavior. Under these circut.mstances, the u: e of objcc-

tive concentricity to help specify in-phase trough development would be very

useful indeed.

2. Relation of major axis to storm riov.ment. Figures 19 and 20

show the major axis of concentricity for four storm sequences-in the Pacific

and two storm sequences in the Atlantic. Included on these diagramu: is the

trough axis indicated by a subjective analysis of curvature in the cloud

bands to the south of the vortex center. Iluch of the time, there appears

to be a correspondence between the axis of the trough and the major axis.

Other times, the axes are systematically displaced from one another by a

fixed amount. The axis of concentricity primarily reflects the tight curva-

ture of the cloud bands to the north of the cloud vortex, end, therefore,

need not correspond to the trough axis. Table 5 indicates the preference

of storm movement as a function of orientation of the major axis. Vihen the

orientation of the axis is between 150-180° and 0-30o , there i ; a high

probability that the storm will move east or southeast. If the major axis

is within 600 of east (30-1500), the storm will very likely move to the

northeast.

TAELE 5. Distrihution oC L:!vc-hour Lo'::i t.'' to]> ,,

as a function of preceding orientation of the mijoc axis

12-hour12-or Major Axis Orientation
0" 0" Moveent 180 to 1500 150 to 120" 120 to 900 90 to 600 60 to 30 :30 to 0

Northeast 2 5 2 1 5 2

EasL 7 0 1 0 1 2

Southeast 7 1 0 1 0 6
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3. Locating the storm centcr. Extra-tropical storms are less

circular than tropical. storms and have a less distinctive center of curva-

ture diStribution. Tfie ratio of Lhe standard deviations of variability

along the axes characterizing tile center of the curvature distribution is

a measure of the ellipticity, 11-,-4, and the d-number is an objective measure

c' ~ ~ ~ ~ ~ ~ ~ -,c co1nri.it. cti axLtuZ . fUl for la.iyj Ll oK rror iii

c'bject'AVclJy 1.ocati.11c tlha C;nter of t--tropical s-tnrCItS. The average
di-ercwt bctLvCC-1 t.1-sujctv zind objef--~ve s;torii c at ers is gJvei in,

*Table 6 as a function of these two variables

TABLE 6. Objective and subjective storm center differences (x22 kmn)

(Numbers in parenthesis are the nuuber of images examined)

I d-num'bor
ElitCity (Ca a'b) L1rui 6s 2.5

1.0-1.5 9(18) 8(8) 1(4)

1.5-2.0 15(17) 8(7)

A relatively poor center (15x22=330 kmn) is fouind when the d-number is

smnall and the ellipticity is high. Convcrsc~ly, a very good center is found

when the d-niunber is large and the storm is nearly circular (lx22=22 kni).

Increasing the resolution of the basic cloud pattern image data would

decrease these errors.
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V. SU IARY AND CONCLUSIONS

Techniques that have previosl.y been developed Or monitoring the

intensity, location, and rotation of cyclonic storms from digital satellite

cloud patterns -are -tested in this stud-,for a sample of 83 tropical and 59

extra-tropical cyclone images. The co:.Aputer programs are designed to produce

a noitmalized distrilbution of cc, tcrs oi. curv'tunre for concentric clouds bacids

surrounding a storri. The locationii of tie naxiiiim of this distribution is

used as a mei!sure of s!.orm position. The horizontally integrated magnitude -

of the distributon,--the -number, is ed as a measure of storm intensity,

and the major axis, of the distributioii is used as a reference line to

measure storm rotation.

A. TROPICAl, STORMS

For western Pacific typhoons, the cyclone image d-number was used with

an area cloudiness parameter to forulate an objective intensity parameter

comparable to the Dvorak T-nuaber. The T-uu -tber is currently used opera-

tionally to describe storm intensity from satellite cloud patterns. A

portion of the sample images was used to construct a statistical model of

T-number variability using parameters computed from visual and IR images.

The model appears to describe the primary time variations of intensity I
characterizing the grot¢th cycle of tropical storms. In terms of absolute

accuracy, the difference between the model and ,ubjective T-numbers is

approximately ±1.0. Corresponding accuracy of T-numbers by analysts is

approximately +.5. To improve the statistical. model, recommendations are

made to add terms to account for systcRatic differences between the model

and observed T-numbers.

The rotation of tile major axis of cuncentricity of the ston appears to L
be correlated with direction changes of the storm's trajectory. Generally,

anticyelonLi: (cyclor±Lc) ch;nge in rotaLion of the major axis occur concur-

reatly wiLh anticyclonic (cycloitic) chan-es in stoniu direction. For one

typhoon, Polly, it appear-ed that the rotation nay have preceded the subse-

quent direction changes of the storm's trajectory. The major axis may be

useful for diagnosing the movement of erratic storms where a large-scale

steering flow is not ,ell df i

23
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The objective tropical storm center compares favorably to the storm

position specified by the analyst for storms of strong concentricity. For

storms with few concentric bands, the analyst can position the storm more

accurately. An improvement in the resolution of the satellite d3ta

analyzed here (11 k) will im-prove the accuracy of the objectiva techwtnue.

B. EXTP-TROPICAL STOi.24S

The relation!;bip bu',ean concen'.:ric storm prFej'tiL. of extra-tropical

storms and the 500 mb height pattern was much less distinct. Regional and

yearly differences in correlations between cloud parameters and the ampli-

tude of the 500 mb shortwave trough were substantial and prevented any model

development.

In a diagnostic investigation of the regional differences of correlations,

it was found that for storms in the Pacific the nax.imum concentricity (d-

number) precedes the development of the trough. In the Atlantic, the tendency

was for the maximum d-number to occur simultaneously with trough development.

The major axis of concentricity of extra-tropical cloud patterns appears

to generally reflect the curvature of the cloud bands to the north of the

cloud vortex. Often this axis is coincident with the axis of the trough rs

seen by a subjective analysis of curvature in the cloud b '..s to the -outh of

the cloud vortex. A tendency is noted for storms to move southeast or east
0 %,

if the major axis is within +300 of south. If the major axis is oriented

-+60° of east, the storm will very likely movc northeastward in the next 12-

hour period.

Finally, an evaluation of objective storm position was made for extra-

tropical storms. The accuracy of cloud vortex position is dependent on the

circitlarity of the stor-,i and the d-n.mbcr. Ex<tra-tropical. storms . .

objectively positLioued as accura-tely as tropic:,., tor tu-.

C. RECOUIENTDATIONS

The most promising application of the a" objective techniqii:s is ;or

the analysis of'the intensity and rotation of tropical storms. The results

described in this report are based on DMSP film images of tropical storms -..

24
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which werethen digitized. There are problems in calibrating the various

types of -Rimages in terms of temperature. The regression coefficients used

in the storm intensity model and the threshold value of temperature used in

defining percentage cloudiness may not be applicable to aLu.other data set.

A technique to calibrate IR brightness. between satellites, perhaps based

on sea surface temperature, should be developed. Any operational applica-

Lion of the above technique will bc perfor:ed on prvcalib-atced di gita).1i.ge

data. nerefore, add1.tional model dcvelo-:,e aicd u; nt v.-rification

should be performed on such prccalibraled digital data bc 'oz= .centual

application. The techniques developed here with photogrphic data should be ->2
verified with direct digital data.

25
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